The applicability of the FFT-based algorithm for evaluating the mechanical behaviors of composites is investigated from practical view points. After the iterative numerical algorithm is presented, the computational efficiency is compared with that for conventional FEM-based homogenization algorithm and then extended to nonlinear analyses such as elastoplastic problems. In addition to preferable features in microstructural analyses, there are several advantages over the conventional approach by the FEM-based homogenization method. While the method is for evaluating the micromechanical response to the macroscopic deformation, the solution method can also be utilized to estimate the homogenized material constants. In the numerical examples, the digital image processing technique is extensively utilized to define the geometry of microstructures so that the method would not suffer from modeling effort.
INTRODUCTION
From a viewpoint of continuum mechanics, the mathematical theory of the homogenization method [1, 2] and the theoretical mechanics approaches [3, 4] result in similar microscopically defined problems in many cases. It is indeed known that both of them provide the identical formulations within the framework of linear elasticity and this fact is investigated by Suquet [5] by emphasizing the use of the periodic boundary condition on the representative volume element (RVE). That is, the effective elasticity constants of arbitrary composites are obtainable with the help of the finite element method (FEM) once appropriate microstructural models (including the material constants of constituents) are constructed.
However, most composites have more or less a random nature in their geometry configurations and/or even periodic distribution of a single inclusion cannot be observed. Inevitably therefore, there may be potential errors in estimating the effective material properties as well as microscopic variables in homogenization analyses. In this context, the use of digital images in constructing the numerical models for homogenization analyses is found in the literatures, e.g., [6, 7] . Although the digital imagebased (DIB) technique enables the accurate geometry modeling for periodic microstructures, namely unit cells, the FEM procedure requires much computing time as well as large amount of computer-memory capacity when computing the homogenized material constants. It is, therefore, desired to have more efficient way of incorporating the homogenization analyses with the digital information representing the microstructures.
In order to obtain the efficiency in the micromechanical analyses, Moulinec and Suquet [8] proposed the FFTbased algorithm for solving the microscopic problem defined in a unit cell, that is, the RVE with periodic boundary condition. Although this method enables us to evaluate the microscopic stress/strain distribution for given macroscopic stress/strain by defining the microstructure of arbitrary geometry configuration, the applicability have not been reported from engineering viewpoints.
In this paper, we shall examine the FFT-based algorithm for evaluating the homogenized elasticity constants by comparing the results with those by the FEM-based solution method with the DIB modeling technique. While the FFT plays a role of accelerator in the solution method, the use of digital images wipes out the difficulties in geometry modeling. After introducing the details of its numerical algorithm along with the theoretical basis, we then investigate the computational aspects from practical points of view. It is shown that the macroscopic elasticity constants are estimated from the microscopic responses to the prescribed macroscopic strain with sufficiently less efforts, and that the method can be extended to evaluate the micromechanical responses of elastic-plastic composites.
FORMULATION AND SOLUTION METHOD

Microscopic Problem
The effective response of composite materials is determined by the local boundary value problem for elastic defomation, which is defined in a RVE domain denoted by V. In order to measure the local field variables such as microscopic stress and strain, we introduce the coordinate system y in the RVE, and all the macroscopic variables are assumed to be constants with respect to y.
When considering the linear elastic response of a composite to the prescribed macroscopic strain E, the solution of the local problem can be divided into two parts; one is the displacement varying linearly with respect to the position in V and the other is the fluctuation u*(y) due to the heterogeneity as follows.
from which the infinitesimal strain field ƒÃ becomes Note here that the boundary condition of the local boundary value problem cannot be found in general. Since it is reported that the periodicity of the fluctuation term is known to provide reasonable results in usual cases [5] among all the possible conditions, we shall consider this condition in the following sections. Thus, the problem of interest can be described as follows: 
FFT-Based Solution Procedure
Assuming the geometry information is given by digitized data, fast fourier transform (FFT) algorithm is utilized for the discrete data of field variables. The numerical algorithm for the above solution method is described as follows see [8] 
NUMERICAL EXAMPLES
Setting for Analyses
The data necessary in the above algorithm are only the material constants and the geometric configuration of the RVE. The advantage of this approach is that the geometries of microstructures can be given as digital images with discrete data structures and, therefore, that the algorithm involves the discrete Fourier transform evaluated by FFT computer program. Because of this automated numerical procedure, the method enables a quick evaluation of the micromechanical response of composites whose microstructure is available in a picture. Note that the local problem can be still defined, see for example [10] , although the image may not reveal the periodicity in its boundary.
In the numerical examples presented in this paper, we use only a two-phase metal matrix composite (MMC) with phases whose microstructure is given by a micrograph in Fig. 1 The computation results show that the difference in both estimations is a few percents.
However, there were remarkable differences in both results. That is, the algorithm presented in this paper needed much less computing time than the DIB-FEM approach because of the use of FFT. The increasing tendency of computing time with the RVE size shown in rithm. It is easily imagined that the differences would be significant in 3D cases. Also, as can be seen from Fig. 5 , much less memory is required in this algorithm since we need neither explicitly evaluate nor store the characteristic displacement fields for each macroscopic strain.
EXTENSION TO ELASTOPLASTICITY
The Algorithm
We here extend the above solution method to elasticplastic problems within the framework of P2-flow theory. It is expected that the nonlinear mechanical behavior can be evaluated more quickly than the one proposed in Terada and Kikuchi [11] when the incremental formulation method is applied to infinitesimal deformation plasticity. We first provide the algorithm for solving the effective response of a composite consisting of elasticplastic materials with isotropic hardening and then present numerical examples by assuming the piecewise linear response of the materials. By dividing the total amount of the macroscopic strain E into N load steps, the incremental form of the original We will leave this computation in another opportunity. Fig. 6 . Macroscopic nonlinear stress-strain relationship obtained by FFT based algorithm. 
CONCLUSIONS
Presenting the solution method for microscopic problem in the homogenization approach, we studied the applicability of the FFT-based numerical algorithm which is iterative and whose convergence trend depends on the choice of reference material. It was shown that the FFT based algorithm offers many advantages over the conventional solution method by the FEM in the homogenization numerical analyses.
First of all, the geometry modeling is automated by utilizing the digital images that are suitable to discrete Fourier transform. Second, the localization process by this algorithm is carried out much faster and the memory required is much less than those by the DIB-FEM approach. It was a major consequence in this paper that the algorithm can be utilized to obtain the homogenized material properties with sufficiently high cost-performance.
Due to the significant feature of the FFT-based homogenization, it was also found the algorithm could be extended to elastoplastic problem and provided the detailed micromehanical responses with sufficiently less effort. In conclusion, the presented algorithm could be a good tool for micromechanical analyses in practical applications although experimental verifications may confirm it.
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